Abstract: During long cycles, burnable poisons are used to flatten out the variations in the reactivity, their actual composition and distribution in the fuel assembly can have a significant impact on the power distribution. In this paper, Erbium is used as a burnable poison in a PWR fuel assembly that is burned up to a very high burnup level reaching 70 GWd/t. The optimum composition and distribution of the Erbium isotopes in the assembly are determined to provide reactivity control and obtain flat power distribution. Four models are simulated using MCNPX 2.7 code; the first model used natural Erbium distributed uniformly in all the fuel pins of the assembly, while the other three models used enriched Erbium with different Erbia (Er 2 O 3 ) concentrations and distributions. The results obtained for k-infinity and pin power peaking factors showed that the suggested loadings of the Erbium bearing pins can sustain very long burnup cycles up to 70 GWd/t. The suggested loading of the Erbia (Er 2 O 3 ) bearing rods, either in natural or enriched form distributed uniformly in the fuel assembly, can keep the power distribution in the assembly more flattened. Moreover, the peak pin power values are lower compared to the enriched models with partial Erbium distribution.
Introduction
 Burnable poisons are used in nuclear power reactors to allow for higher fuel enrichment, which in turn leads to a longer reactor life. They are used to flatten out the variations in reactivity during burnup without the need for a large control rod system. Erbium is one of the major burnable absorber materials used in light water reactor designs. It has also been used in MHTRs (Modular high temperature reactors) and more recently in System-80 PWRs. Erbium is an integral burnable poison blended into the fuel matrix as Erbia (Er 2 O 3 ). Natural Erbium consists mainly of six isotopes; Er-162, Er-164, Er-166, Er-167, Er-168 and Er-170. The natural Erbium composition is given in Table 1 . Er-167 isotope has a large thermal capture cross-section giving an elemental resonance integral of 740 barns [1] .
The aim of this paper is to investigate the use of the Erbium burnable poison to provide reactivity control in a PWR fuel assembly so that it can burn up to a very high level reaching 70 GWd/t. The optimum composition and distribution of the Erbia bearing pins is determined to achieve very long burnup cycles and at the same time flatten the power distribution. The data used for the PWR assembly in this paper are based on the "Reactor Physics Benchmark for LWR Next Generation Fuels", which was proposed by the Research Committee on Reactor Physics organized by Japan Atomic Energy Research Institute [2] . However in the present work Erbium is used as a burnable poison instead of gadolinium. The MCNPX 2.7 code [3] is used to perform the burnup calculations. The cross section data for most of the isotopes used in the calculations are taken from the ENDFB-VI library (Releases 0 to 6) [4] , while the cross section data used for the Erbium isotopes are taken from the recently released nuclear data library ENDFB-VII.1 [5] .
PWR Assembly Configuration
The fuel assembly used in the present paper has the same geometrical configuration as that in the [6] , this value is taken as a set limit to reduce the computational time.
The geometrical data of the assembly is given in Table 2 , while the atomic number densities of the UO 2 fuel pins, the structural and moderator materials are 
Proposed Assembly Configurations
Four models are simulated using the MCNPX2.7 code to represent the specified PWR fuel assembly. In the first model (Model A) natural Erbium is used as a burnable poison in the Erbia bearing fuel pins. Erbia is loaded with concentration 1.6 wt% in all the fuel pins of the assembly to obtain k-infinity value almost equal to the average value obtained in the LWR next generation fuel benchmark problem [6] , which is 1.13070. Fig. 1 shows an MCNPX cross sectional view for the natural Erbium model. In the second model (Model B), enriched Erbium with 100% Er-167 is used as a burnable poison in the Erbia bearing fuel pin. Three configurations are proposed to obtain k-infinity values almost equal to that of reference (6) . In the first configuration (B1), Erbia is loaded in all the fuel pins of the assembly with concentration 0.4 wt%, in the second configuration (B2) Erbia is loaded in 82 fuel rods of the assembly with concentration 1.6 wt% in 4% U-235, 
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Advanced PWR Fuel Assembly 87 while in the third configuration (B3) Erbia is loaded in 80 fuel rods of the assembly with concentration 1.7 wt % in 4% U-235. Fig. 2 shows an MCNPX cross sectional view for the enriched Erbium models (B2 and B3). The yellow pins represent the Erbia fuel pins. In all models, the cross section data used for most of the isotopes are taken from the ENDFB-VI library (Releases 0 to 6). The cross section data used for the Erbium isotopes are taken from the recently released nuclear data library ENDFB-VII.1 and are merged with the set of libraries used by the MCNPX 2.7 code. This is done to make use of the latest evaluated Erbium cross section data. The values of k-infinity obtained for Model A increased reaching a maximum value at a burnup 15 GWD/t and then decreased with burnup until it reached its minimum value at 70 GWd/t in an almost linear manner. Also the figure shows that the addition of Erbium tends to decrease the value of k-infinity at 0 GWd/t compared to that without the Erbium burnable poison. Table 4 shows the values of the pin power peaking factor at the different burnup values obtained for the natural Erbium model compared with those for the No Erbium Model. The values are normalized to one. The estimated relative errors associated with the pin power values are reliable as stated in MCNP manual [3] . Tables 5 and 6 present the burnup dependency of the power distributions obtained for both models at burnup value 0 GWd/t and 70 GWd/t.
Results and Discussion

The Natural Erbium Model
Results show that the power distribution in both models is flat. However, it is shown that the addition of Erbium tends to slightly increase the pin power peaking factors. Fig. 4 shows the values of k-infinity obtained for the enriched Erbium models (B1, B2 and B3) at different burnup values (from 0 to 70 GWd/t). The results are compared with those obtained for the same assembly but without erbium burnable poison (no erbium). Table 5 Pin power distribution at 0 GWd/t for the natural erbium and no erbium models. Table 6 Pin power distribution at 70 GWd/t for the natural erbium and no erbium models. Similarly as in the natural Erbium model, the addition of Erbium tends to decrease the value of k-infinity at 0 GWd/t. Also the figure shows that the values of k-infinity for the three concentrations increased slightly reaching a maximum value and then decreased with burnup until it reached its minimum value at 70 GWd/t in an almost linear manner. However the maximum value obtained for model B1 is higher than those obtained for models B2 and B3 and is closer to that obtained in the natural Erbium model.
Enriched Erbium Model
The values of the pin power peaking factors obtained for the enriched Erbium models compared to those obtained for the no Erbium model at the different burnup values are shown in Table 7 . The values are normalized to one. The estimated relative errors associated with the pin power values for the enriched Erbium models are reliable as stated in MCNP manual [3] . Tables 8-13 present the burnup dependency of the power distributions obtained at burnup value 0 GWd/t and 70 GWd/t for the Erbia (0.4 wt %), Erbia (1.6wt %) and Erbia (1.7wt %) respectively.
It is shown that the addition of Erbium tends to increase the pin power peaking factors. However, the Table 9 Pin power distribution at 70 GWd/t for model B1 and no erbium. Table 11 Pin power distribution at 70 GWd/t for model B2 and no erbium. 
Conclusions
Four models were simulated using MCNPX 2.7 code for a 17 × 17 PWR fuel assembly with UO 2 fuel enriched to 6.2% U-235 and with burnable poison Erbium oxide (Er 2 O 3 ). The assembly was assumed to burn up to a very high burnup level reaching 70 GWd/t. The first model used natural Erbium as a burnable poison distributed in all the fuel pins of the assembly, while the other three models used enriched Erbium with different concentrations and distribution. Values of k-infinity and pin power distribution were calculated for all models at the different burnup steps.
It was found that for the all models the values of k-infinity increased reaching a maximum value then decreased with burnup until it reached its minimum The present work has shown that the Erbium burnable poison can be used to provide reactivity control in a PWR fuel assembly which burn at very high burnup reaching 70 GWd/t. The suggested loading of the Erbia (Er 2 O 3 ) bearing rods uniformly distributed in the whole fuel assembly pins, either in natural or enriched form, is optimum to achieve very long burnup cycles and at the same time keeps the power distribution as flat as possible. Also, it has been demonstrated that using enriched Erbium (100% Er-167) decreased the amount of Erbia needed in case of full distribution from 1.6% to 0.4%. On the other hand, the peak pin power values obtained for the enriched model with partial Erbia distribution are higher.
